Abstract. The study of neutron-induced reactions is of high relevance in a wide variety of fields, ranging from stellar nucleosynthesis and fundamental nuclear physics to applications of nuclear technology. In nuclear energy, high accuracy neutron data are needed for the development of Generation IV fast reactors and accelerator driven systems, these last aimed specifically at nuclear waste incineration, as well as for research on innovative fuel cycles. In this context, a high luminosity Neutron Time Of Flight facility, n_TOF, is operating at CERN since more than a decade, with the aim of providing new, high accuracy and high resolution neutron cross-sections. Thanks to the features of the neutron beam, a rich experimental program relevant to nuclear technology has been carried out so far. The program will be further expanded in the near future, thanks in particular to a new highflux experimental area, now under construction.
Introduction
In 2012, nuclear energy continued to play an important role in global electricity production. Despite a small reduction of the total generating nuclear power capacity after the accident at the Fukushima Daiichi nuclear power plant, a significant growth, between 35% and 100% by 2030, is foreseen in the use of nuclear energy worldwide [1] . The further exploitation of nuclear energy is limited by several issues affecting current nuclear technology: safety, proliferation, risk of accidents and, especially, the production of radioactive nuclear waste of very long half-life. To overcome these limitations, a new generation of nuclear reactors has been proposed. In particular, in order to minimize nuclear waste to be permanently stored in geological repositories, a closed fuel cycle has to be implemented, aiming at recycling a large fraction of long-lived isotopes, in particular Pu isotopes and Minor Actinides (such as Np, Am and Cm) that constitute the high radiotoxicity long-term component of the nuclear waste. A possible solution now being investigated is represented by the Generation IV fast reactors. By using a nuclear fuel made of U, Pu and minor actinides, such systems would produce energy while reducing the nuclear waste inventory, in particular non-fissile isotopes of very long half life. Another possibility would be the use of dedicated systems for nuclear waste transmutation, in particular subcritical Accelerator Driven Systems. Finally, new fuel cycles, like the Th/U one, are being considered for future use, since they intrinsically produce a much smaller volume of high-radiotoxicity nuclear waste to be stored in geological repositories. rd European Energy Conference
The development of new technologies in the field of nuclear energy requires improvements in the knowledge of a wide variety of nuclear data. Among them, the most important ones are cross sections for neutron-induced capture, fission and inelastic reactions, which play a key role in the operation of present nuclear reactors, as well as in the design of future ones. High accuracy cross section data for a large number of neutron-induced reactions are therefore required to improve safety and efficiency of current reactors, and for the new developments in the field of nuclear energy. Apart for nuclear technology, accurate neutron cross sections are a fundamental prerequisite for other field of fundamental and applied Nuclear Physics, in particular Nuclear Astrophysics.
Since 2001 a high-luminosity neutron time-of-flight facility, n_TOF, has been operating at CERN with the aim of addressing the needs of nuclear data for basic and applied nuclear Physics [2, 3] . A large International Collaboration, supported by the European Commission within several Framework Programs for Research (Euratom), has carried out so far a vast experimental program on capture, fission and, more recently, on (n,charged particle) reactions. Thanks to the well suited features of the n_TOF neutron beam, such as the high instantaneous neutron flux, the high resolution and the wide energy range covered, from thermal to a few GeV, it has been possible to collect high accuracy and high resolution neutron cross-section data on a variety of isotopes, many of which radioactive. In particular, important results for nuclear technologies have been obtained on isotopes of U, Pu and minor actinides with long half life. Recently the construction of a new, high-flux measuring station has started. A 25 times higher fluence relative to the existing experimental area will allow to measure isotopes with short half life, as well as reactions characterized by low cross section. In the following the facility, experimental apparata and some results recently obtained at n_TOF are presented.
The n_TOF facility
At n_TOF neutrons are produced by means of spallation reactions induced by high energy protons (20 GeV) impinging on a Pb target. After being partially moderated by an appropriate liquid circulating around the spallation target, also acting as coolant, neutrons propagate through vacuum pipes to the Experimental Area (EAR1), placed at a distance of approximately 200 m. Here the energy of the neutrons is determined by means of the time of flight technique and the reaction products of the neutron interaction with the sample under investigation are detected by suitably chosen detection systems. Thanks to the high peak current and energy of the proton pulse involved in the spallation process, the neutron beam reaching the experimental area is characterized by a very high instantaneous intensity (∼10 6 neutrons/pulse) , as well as by a wide energy range, from thermal up to 1 GeV. The neutron flux measured in EAR1 is shown in Fig. 1 for two different moderator liquids. As a consequences of the long flight-path, the neutron beam is also characterized by an extremely good energy resolution, of the order of 10 −4 in the energy region where most of the isotopes measured present resonances. In addition, the low repetition rate of the proton pulse (≤ 0.8 Hz) ensures that two consecutive neutron bunches do not overlap.
Finally, a series of beam shaping collimators, iron and concrete shieldings and a sweeping magnet placed along the beam line result in a very low ambient background in EAR1; this aspect, together with the afore-mentioned features of the facility, allow to collect high accuracy data even for reactions of low cross sections or for isotopes available in small quantities. The main advantage of the facility, thanks to the high instantaneous neutron flux, is related to the measurement of radioactive isotopes, such as alpha-emitters minor actinides relevant to the field of nuclear technology.
The experimental setup
Fission and capture cross section measurements are routinely performed at n_TOF with several experimental setups; similarly, the neutron flux approaching EAR1 is continuously monitored by means 01003-p. 3 of two different high-transparency detectors while dedicated measurement to determine the absolute neutron flux have been carried out by combining five different detection systems. Such an approach allows to identify and minimize systematic uncertainties associated to each specific detection system and to reach unprecedented accuracy both in the flux determination and in the neutron induced reaction cross sections. The neutron flux is measured exploiting three different converting reactions, namely 6 Li(n, ), 10 B(n, ) and 235 U(n,f), in combination with an array of silicon detectors, MicroMegas gas detectors, a calibrated Fission Chamber and a stack of Parallel Plate Avalanche Counters. A careful comparison and combination of the different measurements allows to reach accuracy on the energy-dependence of the neutron flux at the level of a percent [4] , which is a fundamental prerequisite of high accuracy results on capture and fission cross sections.
EPJ Web of Conferences
In capture cross section measurements, -rays arising from the deexcitation of the compound nucleus formed in the reaction are detected by means of two different complementary systems: i) an array of C 6 D 6 liquid scintillators [5] and, ii) a Total Absorption Calorimeter (TAC) [6] , made of 40 BaF 2 crystals. The more complex and costly TAC device is ideal for the measurement of reactions on radioactive isotopes, especially fissionable ones (such as actinides), since it allows to discriminate capture reactions from fission ones on the basis of the total cascade energy detected in each capture event. On the other hand, this system is affected by a large neutron sensitivity, so that scattered neutrons may in some cases represent a large source of background. On the contrary, the low neutron sensitivity of the C 6 D 6 detectors is an advantage for measurements of isotopes with a high scattering to capture ratio, while the fast response of these detectors makes them more suitable for measuring cross sections in the Unresolved Resonance Region, i.e. from a few keV up to 1 MeV. However, in this case the simplicity of the experimental set-up has the drawback of a more complicated data analysis procedure, which is based on the so-called Pulse Height Weighting Technique (PHWT) [7] . For all these reasons n_TOF data on capture cross-section are provided after comparison and opportune combinations of the results obtained with both detection systems.
Regarding fission cross section measurements, several setups have been used since the beginning at n_TOF to detect fissions fragments. Typically in the same detector the sample under investigation and a reference sample (namely 235 U and 238 U) are placed, so to extract cross sections relative to well known standards, in the so-called ratio method. A standard Fission Ionization Chamber (FIC) made of a stack of parallel plate chambers was used in the first phase of the experimental program [8] . The fissile material is deposited on one electrode. A second fission setup used at n_TOF relies on the detection of both fission 01003-p.4 rd European Energy Conference fragments in coincidence, by means of a stack of position-sensitive Parallel Plate Avalanche Counters (PPACs) [9] . Thanks to the coincidence technique it is possible to achieve a very efficient rejection of -particles, which is one of the most important sources of background in this type of measurement. In this case, the fissile material is deposited on very thin aluminum foils placed between two adjacent PPACs. The detectors are position sensitive, so to measure the angular distribution of fission fragments as well.
The third detection system used in fission measurements is MicroMegas detector. MicroMegas is a family of gaseous detectors, initially developed for high-energy experiments, characterized by low noise, high radiation resistance and low mass. For several years, they have been used at n_TOF for measuring the neutron flux, the spatial beam profile and more recently specifically for measurements of neutroninduced fission cross sections. A new version of the Micromegas detector, based on the Micro Bulk technology [10] , is currently being used at n_TOF, where further improvements have been introduced leading to an essentially transparent detector. The detector consists of a gas volume acting as a drift region with an electric field of ∼1 kV/cm and a narrow amplification gap (25 to 50 m wide) with an electric field of ≥10 kV/cm.
Results
High-quality data on a large number of reactions have been collected at n_TOF in two experimental campaigns (2001-2004 and 2009-2012) , which have led to improvements in the accuracy of neutron cross-sections for a number of isotopes of interest for nuclear technologies. Some long standing discrepancies between previous results have been solved thanks to the new results. Finally, at n_TOF data have been mostly collected in a wider neutron energy range, compared to previous measurements.
Most of the results obtained so far have already been published and made available in EXFOR [11], the experimental database which collects nuclear data for nuclear technologies and nuclear astrophysics. Among the most important data relevant to nuclear energy, the radiative capture cross-section of 232 Th and the fission cross-section of 233 U are worth of mentioning, due to their fundamental role in the Th/U fuel cycle. In particular, the cross section of the 232 Th(n, ) reaction from 1 eV to 1 MeV has been measured with an unprecedented low uncertainty (5%) [12, 13] , thus allowing to finally clarify a longstanding 40% discrepancy between previous data in the keV enery region. High accuracy data (i.e. 3% uncertainty) have been also obtained on the 233 U(n,f) [14, 15] from thermal to 20 MeV. Regarding data relevant to transmutation projects or Generation IV fast nuclear reactors, capture and fission cross section of the long-lived minor actinides most abundantly produced in current reactors have been measured. In particular, high quality data, i.e. characterized by unprecedented low uncertainty and high resolution, have been collected on both capture and fission reactions for 237 Np [16] , 236 U, 238 U, 241 Am and 243 Am, while the the fission cross section of 240 Pu, 242 Pu has recently been measured. One of the best example of the high quality of n_TOF data is represented by the results on the fission cross section of 245 Cm, an extremely difficult measurement due to the high radioactivity of the sample [17] . As a demonstration of the quality of n_TOF data, some results on the 241 Am(n,f), 243 Am(n,f) and 236 U(n, ) are reported in the following.
Nuclear data on 241,243 Am, similarly to other minor actinides, play a very important role in the context of transmutation (or incineration) and of longer burn-up cores, not only for the analysis of reactor performance but also for the post-irradiation treatment of spent fuel; for this reason, and due to the lack of reliable experimental data, the fission cross-section of both isotopes has been measured at n_TOF from thermal to 20 MeV. Results for neutron energies in the fast region (above 0.5 MeV) have been already published [19, 20] . Figures 2 and 3 show the comparisons between n_TOF data and some of the major evaluated data library, for 241 Am(n,f) and 243 Am(n,f) cross-sections respectively, in the low-energy region, where several resonances are present. In the case of 241 Am, n_TOF data clearly indicate that JEFF-3.1.2, the european evaluated nuclear data library, needs a revision in the Resolved Resonance Region (RRR) while they essentially confirm ENDF/B-VII.1 evaluation [21] .
In the case of 243 Am fission cross-section, n_TOF data are in fair agreement with evaluations, except for some new resonance which has been here identified and which are not contemplated in any of the evaluations. In the same plot, the only previously existing low-resolution data are shown, demonstrating how the unique features of the n_TOF facility can allow to improve considerably the accuracy of cross section data [22] .
The radiative capture cross section of 236 U has been measured at n_TOF both with C 6 D 6 and TAC detection systems. The 236 U plays an important role in nuclear systems, both future and currently operating ones. Specifically, it contributes to the neutron balance in the reactor core and in the fuel composition at equilibrium, in the current reactors based on the U/Pu fuel, where it is produced mainly in neutron capture reactions on 235 U. For future reactors based on the Th/U cycle, 236 U plays the same role of 242 Pu in the traditional fuel cycle, with a relevant contribution to neutron absorption. For this reason the capture cross-section has been measured for the first time in the whole energy region from thermal energy up to 1 MeV at n_TOF and with the two different detection systems (C 6 D 6 and TAC). In Fig. 4 a preliminary result of the measurements is shown, in comparison also with ENDF/B-VII.0 evaluation: the results of the two detectors, which agree between each other, indicate that the evaluated library need some refinement on both the strength and energy of the resonances. In the URR, on the contrary, n_TOF data confirm evaluated cross sections of major libraries [23] .
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Conclusions and perspectives
The n_TOF facility operates at CERN with the aim of addressing the request of high accuracy nuclear data for advanced nuclear energy systems as well as for nuclear astrophysics. Thanks to the features of the neutron beam, important results have been obtained on neutron induced fission and capture cross sections of U, Pu and minor actinides, necessary for improving safety and efficiency of current nuclear reactors, and for the development of new generation systems for energy production and nuclear waste transmutation.
A new measurement campaign will soon start with the aim of improving the accuracy of cross sections on more isotopes of interest for nuclear applications, Nuclear Astrophysics, Nuclear Medicine and Basic Nuclear Physics. In particular, new measurements of interest for nuclear technology planned for the near future are the simultaneous capture and fission cross section of 233 U, the fission of 231 Pa and capture of 242 Pu. Moreover, a new beam line is now under construction. It will have a 20 m flight path and it will be placed on the vertical of the spallation target. As a consequence of the shorter flight path with respect to the existing experimental area, the neutron beam in the new measuring station will be 25 times more intense, with a signal/background ratio expected to be enhanced of a factor of 250. The new beam line will clearly expand the potentiality of the facility, allowing to measure nuclear reactions not accessible at present. Indeed, although at the expenses of a worse energy resolution, the extremely high instantaneous neutron flux will allow to perform measurements of radioactive isotopes with lifetime as short as a few years. After the commissioning of the new beam line, a rich experimental program is foreseen. In particular, on the side of applications to emerging nuclear technology for energy production, measurements such as 238,241 Pu(n,f), 244 Cm(n,f), 232 U(n,f) and 245 Cm(n, ), that cannot be currently performed in any other neutron facility around the world, will finally become feasible at n_TOF.
